The effects of supporting electrolytes used for anodizing a glassy carbon (GC) electrode in triethylene glycol on the extent of the 2-(2-carboxymethoxyethoxy)ethoxy group introduced on the anodized electrode surface were investigated. To evaluate these influences, cyclic voltammetry of phosphate buffer (pH 7.0) solutions of epinephrine as a cationic marker, and 3,4-dihydroxyphenylacetic acid and ascorbic acid as anionic markers was carried out at GC electrodes anodized in the glycol containing LiClO4, LiBF4, Mg(ClO4)2, H2SO4, CH3SO3H, CH3CH2SO3Na, or HOCH2CH2SO3Na. By comparing the extent to which the electrode reaction of the cation was conserved, while those of the anions were regressed, HOCH2CH2SO3Na was shown to be the supporting electrolyte of choice for anodization to introduce a molecule with a terminal carboxyl group on the electrode surface most effectively. The modified electrode obtained with the supporting electrolyte allows compounds existing as cationic and neutral species at pH 7.0 (norepinephrine, dopamine, 3-methoxytyramine, and catechol) to show voltammetric responses, and prevents those existing as anionic species (vanillomandelic acid and uric acid) from entering electrochemical reactions.
It was found that an anodic oxidative treatment of a glassy carbon (GC) electrode in a 1-alkanol containing H 2 SO 4 allows the alkanol molecules to be confined on the electrode surface via an ether-linkage. 1, 2 When the electrochemical treatment is carried out with a 1,ω-alkanediol, especially 1,5-pentanediol, instead of 1-alkanol, the anodized GC electrode exhibits an interesting electrochemical performance: on cyclic voltammetry at the modified electrode in pH 7.0 phosphate buffer, anodic oxidation of ascorbic acid, which exists as an anion at that pH, is suppressed, while dopamine shows a well-defined anodic peak. 3 The observation that the electrode reaction of the anionic species was retarded at the modified electrodes can be rationalized by invoking the mechanism depicted in Fig. 1 : the anodization of GC initially confines the diol molecules to the surface via an ether-linkage, and then during the anodic modification the terminal hydroxy groups of the attached molecules are oxidized to carboxyl groups, which causes an electrostatic repulsion between the electrode and the anion. However, it was accepted that all of the terminal hydroxy groups of diol molecules thus fixed on a GC surface are not oxidized to carboxyl groups during the anodic treatment (cf. electrode 1 in Fig. 1 ). In other words, establishing more effective conditions for an anodic treatment in diols involves increasing the ratio y/x as much as possible. Recently, we found that the extent of surface coverage with 1-octanol molecules via an ether-linkage is affected by the supporting electrolytes used for anodization of GC electrodes. 4 These results suggested that the proper choice of supporting electrolytes in an anodic treatment of a GC electrode in a diol is one of the keys to the effective covalent modification of GC surfaces with organic molecules terminated by anionic functional groups. In this paper, we report that when a GC electrode is anodized in triethylene glycol containing HOCH 2 CH 2 SO 3 Na as a supporting electrolyte, the ratio y/x on the surface of the anodized electrode (cf. electrode 2 in Fig. 1 ) is remarkably increased, leading to suppression of electrochemical reactions of anionic species.
Recently, it was demonstrated that the covalent modification of GC surfaces with organic molecules can be achieved by an anodic treatment with amino compounds 5, 6 or aryl acetic acids 7 , and a cathodic treatment with aryl diazonium salts. [8] [9] [10] [11] [12] [13] [14] Using the procedure with diazonium salts, organic molecules with terminal carboxyl groups have proved to be covalently confined on GC surfaces 9, 11, 12 , and the introduced carboxyl groups were shown to confer fair charge selectivity on the electrode 12 and to be available for further chemical modification of the electrode surfaces via amide bond formations 9 , as can be expected. The electrochemical method with aryl diazonium salts is useful for introducing molecules with terminal carboxyl groups on GC surfaces as potential functionality for electrochemical analysis, and yet the analysis of biological samples with GC electrodes modified by this method will be hampered by electrode fouling. This is because in this method the functional groups are attached on the GC surfaces via aryl groups, which cause the adsorption of proteins and organic molecules on the electrodes through a strong hydrophobic interaction. However, our method using triethylene glycol, examined in the present study, is thought to construct a hydrophilic surface as well as to introduce carboxyl groups on the GC surfaces. 15 Thus, anodization in triethylene glycol as an effective method of introducing hydrophilic molecules with terminal carboxyl groups on the GC surfaces seems to be worthy of further investigation from the perspective of various expected applications of the resulting electrodes to the electrochemical analysis of biological samples.
Experimental

Materials
Deionized and distilled water was used throughout. Epinephrine (EP), norepinephrin (NE), 3-methoxytyramine hydrochloride (MT)(all from Sigma), dopamine hydrochloride (DA), ascorbic acid (AA), uric acid (UA), catechol (CA)(all from Wako Pure Chemical Industries Ltd., Osaka, Japan), 3,4-dihydroxyphenylacetic acid (DOPAC)(Aldrich), and vanillomandelic acid (VMA)(Nacalai Tesque Inc., Kyoto, Japan) were used as supplied. All other chemicals were of reagent grade and used without further purification. A phosphate buffer (0.1 M, pH 7.0; Na 2 HPO 4 +NaH 2 PO 4 ) was used for all experiments, unless otherwise mentioned. GC disks were obtained from Tokai Carbon Co. Ltd. (GC 20, 3 mm i.d.×100 mm). The fabrication of a GC electrode was described previously. 16 
Apparatus
A GC electrode was polished with a polishing system (Model ML-150P, Maruto, Tokyo, Japan). The GC electrode was electrochemically modified by a potentiostat/galvanostat (Model HA301, Hokuto Denko, Tokyo, Japan) connected to a coulomb amperehour meter (Model HF201, Hokuto Denko). Cyclic voltammograms were obtained with a potentiostat (Model 315A, Huso, Tokyo, Japan) equipped with an X-Y recorder (Model F-5C, Riken Denshi, Tokyo, Japan). A three-electrode configuration was employed: a GC disk (7.07 mm 2 ) electrode with or without electrochemical modifications as the working electrode, a saturated calomel electrode (SCE) as the reference electrode, and a platinum wire as the counter electrode.
Electrode modification and measurement
A GC disk electrode was polished with polishing paper (#1500), followed by alumina powder (0.05 µm) on a polishing cloth, sonicated in deionized water for 5 min, washed with water and MeOH, dried by a stream of nitrogen. The GC electrode was subjected to controlled-potential electrolysis in triethylene glycol containing a supporting electrolyte (50 mM) at 2.0 V vs. Ag wire coated with AgCl, where 5 mC of electricity had been allowed to be consumed. After the treatment, the modified electrode was washed with MeOH and water, electrochemically treated by five repetitive potential sweeps (sweep rate, 0. 
Results and Discussion
Effects of supporting electrolytes used for the anodic treatment on the surface conditions of electrode 2
As supporting electrolytes for the anodization of a GC electrode in triethylene glycol, that is, for electrochemical preparation of electrode 2, LiClO 4 , LiBF 4 , Mg(ClO 4 ) 2 , H 2 SO 4 , CH 3 SO 3 H, CH 3 CH 2 SO 3 Na, and HOCH 2 CH 2 SO 3 Na were used. The effects of the supporting electrolytes on the surface conditions of electrodes 2 were evaluated by cyclic voltammetry of epinephrine (EP) as a cationic probe, and 3,4-dihydroxyphenylacetic acid (DOPAC) and ascorbic acid (AA) as anionic markers (cf. Fig. 2 ) in a phosphate buffer (pH 7.0, 0.1 M). Figure 3 compares the voltammetric behaviors of EP, DOPAC, and AA at a bare GC electrode and electrode 2 obtained by utilizing LiClO 4 or HOCH 2 CH 2 SO 3 Na as a supporting electrolyte. The voltammetric results demonstrated the following: (1) the electrode reaction of EP was conserved at both electrodes 2, its peak potential being slightly shifted 532 ANALYTICAL SCIENCES JUNE 1999, VOL. 15 toward a positive direction; (2) the anodic reactions of DOPAC and AA were suppressed at electrodes 2; (3) the extent of conservation and suppression apparently differed when electrodes 2 were prepared with different supporting electrolytes. These findings demonstrate that the anodization of a GC electrode in triethylene glycol gives electrode 2 with the surface conditions depicted in Fig. 1 , and the ratio y/x varies by changing the supporting electrolyte for the modification. Table 1 compiles the results concerning the voltammetric behavior of EP, DOPAC, and AA at all electrodes 2 prepared with various supporting electrolytes, including LiClO 4 and HOCH 2 CH 2 SO 3 Na. To evaluate the surface conditions among electrodes 2, the differences [∆E (E mod -E 0 ) and i mod /i 0 ] of anodic peak potentials and currents observed for these probes before and after the anodization of GC electrodes are informative: E 0 and i 0 indicate the peak potentials and currents observed at a bare GC electrode, and E mod and i mod represent those at electrode 2. When ∆E and i mod /i 0 are close to zero and unity, respectively, the electrochemical reaction of a probe is fully conserved at electrode 2. On the contrary, retardation in the anodic response of a probe at electrode 2 is expressed by increased ∆E and decreased i mod /i 0 , ultimately, no observation of a response as a peak over the potential range of the voltammetry. When the strongest suppression in voltammetric responses is reflected in ∆E and i mod /i 0 for DOPAC and AA (anionic species), while EP (cationic species) exhibits an anodic peak most reminiscent of that at a bare GC electrode, electrode 2 is regarded to have the 2-(2-carboxymethoxyethoxy)ethoxy group in the most desirable amount.
When LiBF 4 or Mg(ClO 4 ) 2 was used as a supporting electrolyte for preparing electrode 2, the electrochemical responses of all probes were observed on the voltammetry with the electrodes 2, though a comparison of the ∆E's indicated that the electrochemical process of AA was more strongly retarded than those of EP and DOPAC. At electrodes 2, prepared with LiClO 4 and H 2 SO 4 , the voltammetric responses of AA was totally suppressed, while EP and DOPAC exhibited their electrochemical responses. These results suggest that the surfaces of GC electrodes anodized in triethylene glycol containing these supporting electrolytes are covered with the molecules terminated by carboxyl groups in amounts sufficient to hinder the electrode reaction of AA with its electrochemically active site at its anionic center, but in amounts insufficient to depress that of DOPAC having an oxidizable catechol nucleus apart from its anionic center. Anodization in triethylene glycol containing CH 3 SO 3 H, CH 3 CH 2 SO 3 Na, or HOCH 2 CH 2 SO 3 Na as a supporting electrolyte has turned out to fix 2-(2-carboxymethoxyethoxy)ethoxy group on the surface more effectively. Thus, at electrodes 2 obtained with these supporting electrolytes, voltammetric responses of both DOPAC and AA was not observed at all as anodic peaks over the potential range examined, while EP showed its anodic response as a well-defined peak. The values of ∆E and i mod /i 0 for EP and anodic responses for the anionic probes at 1.0 V on the voltammograms indicates that HOCH 2 CH 2 SO 3 Na is a 533 ANALYTICAL SCIENCES JUNE 1999, VOL. 15 supporting electrolyte of choice for preparing electrode 2, giving the largest y/x ratio (cf. Fig. 1 ).
Comparison of electrochemical performance of electrode 2 with a GC electrode anodized in triethylene glycol monomethyl ether or in H 2 O
To make sure that the observed phenomena arise from the effective fixation of molecules with terminal carboxyl groups on the electrode surface by the anodic treatment, the following points were examined: how EP, DOPAC, and AA will behave on cyclic voltammetry at a GC electrode anodized in triethylene glycol monomethyl ether or in H 2 O instead of triethylene glycol. A voltammetric examination of GC surfaces anodized in the monomethyl ether will shed light on the important role played by the additional hydroxy groups present in triethylene glycol.
The voltammetric data of EP, DOPAC, and AA at a GC electrode anodized in triethylene glycol monomethyl ether containing LiClO 4 , CH 3 CH 2 SO 3 Na, or HOCH 2 CH 2 SO 3 Na are also summarized in Table 1 . Recently, it was shown that on cyclic voltammetry at a gold electrode covered with a self-assembled monolayer of HSCH 2 CO 2 (CH 2 CH 2 O) n CH 3 (n=120), cationic dopamine (DP) exhibited a well-defined anodic wave, while the anodic reaction of anionic AA was totally disturbed. 17 The results suggest that the introduction of anionic functional groups on an electrode surface will not necessarily be required for suppressing the electrochemical reactions of anionic species. However, on cyclic voltammetry at a GC electrode modified anodically with 2-[2-(2-methoxyethoxy)ethoxy]ethoxy group, all of the probes exhibited well-defined anodic peaks. The values of ∆E and i mod /i 0 indicate that only a slight suppression of the electrode reactions of the markers is induced by anodization of the electrodes in triethylene glycol monomethyl ether, regardless of the charges of EP, DOPAC, and AA. Thus, the observed electrochemical performance of electrode 2 was shown to originate not from oligo(ethylene glycol) residues, but from the terminal carboxy groups of the molecules fixed on the electrode surface.
A comparison of the voltammetric behaviors of the probes at GC electrodes anodized in triethylene glycol and H 2 O rule out the possibility that H 2 O contaminating triethylene glycol is the origin of the observed characteristics of electrode 2. It seemed necessary to elucidate the effects of H 2 O, since it was shown that voltammetric response of AA at GC electrodes anodized in H 2 O is suppressed to an extent that depends on the identities of supporting electrolytes used in the anodic treatment of electrodes, and was most depressed when LiClO 4 was used as a supporting electrolyte. 18 As previously reported 18 , the electrode process of AA was eliminated when a GC electrode was anodized at 2.0 V vs. Ag wire in H 2 O containing 50 mM LiClO 4 for 1 h. It should be mentioned here that more than 1 C of electricity was consumed during the anodic treatment. For preparing all electrodes 2, only 5 mC of electricity was allowed to pass. Accordingly, the anodization of GC electrodes in H 2 O containing LiClO 4 , H 2 SO 4 , CH 3 CH 2 SO 3 Na, or HOCH 2 CH 2 SO 3 Na was carried out at the expense of 5 mC, and the electrochemical performance of the anodized electrodes was compared with that of a bare GC electrode, as in the case of electrodes 2. The voltammetric data of EP, DOPAC, and AA at GC electrodes anodized in H 2 O are summarized in Table 2 , where ∆E and i mod /i 0 were also used as measures of the surface conditions. Interestingly, voltammetric behaviors of AA at a GC electrode anodized in triethylene glycol were totally different from that at those anodized in H 2 O for 1 h, whichever of supporting electrolytes was used for the anodic treatment. As shown by the negative ∆E as well as i mod /i 0 larger than 534 ANALYTICAL SCIENCES JUNE 1999, VOL. 15 
1, the anodization of GC electrodes in H 2 O by allowing the consumption of 5 mC of electricity induced the promotion of the electrode reaction of AA. The results are well in line with those at various carbon electrodes anodized in H 2 O. [19] [20] [21] Similarly, EN and DOPAC exhibited anodic peaks with more negative peak potentials and much larger peak currents at the anodized electrodes than those at a bare GC electrode. The observations indicate that H 2 O contaminating triethylene glycol had nothing to do with the electrochemical performance of electrodes 2, especially those prepared using CH 3 CH 2 SO 3 Na, or HOCH 2 CH 2 SO 3 Na.
Voltammetric behaviors of various biological compounds at electrode 2
Voltammetric behaviors of various catechols (NE, DA, MT, VMA, and CA in Fig. 2 ) and uric acid (UA) at electrode 2 prepared with HOCH 2 CH 2 SO 3 Na as a supporting electrolyte were also examined. The anodic responses of biological compounds including EP, DOPAC, and AA at electrode 2 are compared with those at a bare electrode in Table 3 . Regarding cyclic voltammetry, well-defined anodic peaks were obtained for cationic EP, NE, DA, and MT, and neutral CA. Although the anodization induced a slight shift in anodic peak potentials of the compounds toward a positive direction, the peak currents were conserved in more than 80% of those at a bare electrode. However, the responses of VMA and UA were quite poor, similarly to the cases of DOPAC and AA: no voltammetric peaks due to anodic oxidation of VMA were observed, and a significantly distorted peak was recognized for UA, of which the potential was shifted to a positive direction in more than 0.4 V, and the current became less than 40% of that obtained at a bare GC electrode. Thus, it was demonstrated that the surface of electrode 2 contains anionic functional groups in sufficient amounts to control its electrostatic interactions with the electrochemically active compounds examined here: thus, the electrochemical signals of cationic and neutral analytes are almost conserved at electrode 2, and those due to anionic analytes decrease or can not be detected.
In summary, the anodization of a GC electrode in triethylene glycol as an effective tool for derivatization of the electrode surface with the 2-(2-carboxymethoxyethoxy)ethoxy group was developed in this work, which has been clearly demonstrated by voltammetric results of various analytes with different charges and structures. Although further study is needed to evaluate the exact amount of molecules fixed on the electrode surface, the present method to introduce hydrophilic molecules with terminal carboxy groups is thought to serve as a novel initial treatment for the chemical modification of GC electrodes via amide bond formations. Further studies on preparation and analytical application of chemically modified electrodes with the present method as an initial step to introduce carboxyl groups on the surfaces are currently being carried out. 
Voltammetric response
